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To feed the ceaselessly growing population, it is challenging to increase the food productivity with limited land and 
water resources under changing climatic regimes. Conventional breeding has played vital role in increasing the crop 
productivity however takes long time and is labor intensive. Later, the transgenic technology came in to existence and 
played an important role for increased crop production. However, due to the regulatory hurdles in several countries 
including India, restricted extensive commercialization of genetically modified (GM) crops was possible. Therefore, more 
emphasis is now needed towards non-GM techniques for crop improvement. Now-a-days, genome editing (GE) techniques 
are also employed in crop improvement projects because of its simplicity, robustness and high efficiency. Parallel to GE, 
TILLING (Targeting Induced Local Lesions IN Genome) which is a type of random GE can be used as a non-transgenic 
approach, which involves developing a large mutant population in wide range of crops and screening the population for 
mutants. Once a mutant population is produced, it can be TILLed any number of times. Therefore, TILLING is a rapid, 
simple, low cost, effective, high-throughput and is independent of genotype and genome size. In this review, we focused on 
the potential and application of TILLING technique in crop improvement programs, in the era of precise genome editing. 
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Introduction 
Multiple crop genome has been sequenced till date 
and are available publically for the researchers to 
decipher the function of newly identified gene 
sequences
1-8
. A number of approaches have been 
applied in plants for gene manipulation or 








 and insertional 
mutagenesis
15-16
. All these techniques are efficient but 
have some disadvantages which hinder their systemic 
use in functional genomics
17
. Further, application of 
these techniques is not feasible in all organisms
18
. 
TILLING is a reverse genetic approach and could be 
used as a combination of traditional mutagenesis with 
recent screening approaches for crop improvement
19
. 
So far mutagenesis is tremendously successful and 
accepted for crop improvement
20-25
. According to the 
Joint FAO/IAEA Mutant Variety Database (MVD)
26
, 
3346 mutant varieties among 228 plant species are 
released worldwide. More than 1000 mutant varieties 
of staple crops are cultivated throughout the world 
and also contributed to the food security. TILLING 
can be used to identify unknown as well as known 
point mutations thus creating allelic series from a set 
of candidate genes
27
. The TILLING technique was 
first delineated by Claire McCallum and her team in 
Arabidopsis thaliana by identifying mutations in 
chromomethylase (CMT) genes
28
. Due to its robust, 
rapid, cost effective, simple and high-throughput 
nature, TILLING has become the routine practice for 
mutation detection in large number of crop plants
29-31
. 
In recent days, new plant breeding techniques 
(NPBTs) are occupying the area of earlier gene 
modification techniques which this consists of zinc 
finger nucleases (ZFNs)
32
, transcription activator-like 
effecter nucleases (TALENs)
33
 and clustered regularly 
interspaced short palindromic repeats (CRISPR) and 
associated protein 9 (Cas9) system
34
. Among these 
NPBTs, CRISPR/Cas9 is widely adopted in plants 
because of its simple, faster and accurate nature. This 
technique contains a Cas9 nuclease and a single guide 
RNA (sgRNA) which helps Cas9 to reach at specific 
location in genome to create double strand breaks 
(DSBs) and simultaneous repair occurs to generate 
deletion or insertion mutation. Both TILLING and 
genome editing are reverse genetic approaches and 
used for creating mutant population. The major 








mutation in the genome. In genome editing, the 
mutation is done at precise location in the gene of 
interest whereas TILLING produces a population with 




In TILLING, gene sequence responsible for a 
specific trait must be known in advances along with 
number of functional copies. Then gene of interest 
needs to be TILLed for the presence of mutation in 
the available population and mutant population is 
evaluated in the field for any phenotypic change. 
Further, the phenotype needs to correlate with 
occurred mutation. With the help of genome editing 
particularly CRISPR/Cas9, insertion or deletion can 
be made at specific location to achieve the specific 
phenotype. Further, off-target mutation frequency is 
low in genome editing as compared to TILLING, 
however this could be eradicated with subsequent 
back crossing. Overall, wider applicability for crop 
improvement and consumer acceptance of mutant 
varieties developed through TILLING indicates that 
this approach will definitely coexist with NPBTs in 
the era of precise genome editing. Here, we have 
briefly summarized the elements, pros and cons of 
TILLING along with its impact on crop improvement. 
 
Essentials of TILLING 
 
TILLING is the Combination of Mutagenesis and Recent 
Techniques of Mutation Detection 
Selection of Explant and Mutagen 
TILLING starts with the selection of explant (part 
of the plant to be treated) and mutagen to be used for 
the experimental purpose. Mostly seeds are chosen as 
an explant for the mutagenesis experiments
23,36-38
. 
Vegetative parts and in vitro cultures (tissue cultures) 
are also used as an explant in case of vegetatively 
propagated plants
39-42
 while pollens are mutagenized 
in case of maize TILLING experiment
22
. Basically, 
there are mainly two types viz; physical and chemical 
mutagens. Physical mutagens include X-ray, gamma 
ray, fast neutrons and UV rays which creates large 
deletions and alterations in chromosome structure
43
. 
Chemical mutagens are widely used for mutagenesis 
in plants which includes- ethyl methylsulfonate 
(EMS)
44





, sodium azide (NaN3)
47
 
because of creating point mutations in the genome. 
Among these chemical mutagens, EMS is prominent 
and widely used for generating TILLING populations 
due to its nature of creation of GC to AT transitions in 
the genome
48
. A mutation occurring in the exonic 
region of the genes increases its usefulness for 
breeders in developing new traits
49-50
. Here, further 
procedure of TILLING is mentioned by considering 
the seeds as an explant and EMS as a mutagen due to 
their wider acceptability.  
 
TILLING Population Development and DNA Library/Seed 
Bank Preparation 
Before developing large scale TILLING population 
in the crop of interest, a small scale standardization 
experiment should be performed to optimize the EMS 
dose (LD50) as mutant population at LD50 is 
considered as best source of mutation for performing 
TILLING experiments. The EMS treated seeds (M0) 
were grown to obtain M1 plants. The M1 plants were 
self pollinated to produce M2 seeds. M2 plants 
developed from M2 seeds were used for tissue 
collection to extract the DNA individually. DNA 
isolation could be done with 96-well mini tube 
systems (MTS) box or single sample procedures and 
could be stored as DNA library for future TILLING 
experiments. The quality and quantification of DNA 
is necessary for pooling the DNA samples (2-fold to 
8-fold). Pooling reduces the time and efforts of 
screening a large number of individuals. But 
sometimes pooling affects the PCR amplification, 
mismatch detection and further analysis, at that time 
individual sample detection is recommended. When 
mutation is identified in pooled samples, the 
individual samples from that pool needs to be 
analyzed to know which particular sample is mutated. 
The M3 seeds harvested from M2 plants were stored as 
seed bank for future requirements. This is the 
TILLING population ready for mutation detection in 
gene of interests. 
 
Mutation Detection in TILLING Population  
The TILLING is known to screen the induced 
mutations in the gene of interest responsible for 
particular trait. So designing of primers specific to 
gene of interest is pre-requisite for successful 
amplification of the target product. This can be 
performed through Lambda Instruments Corporation 
(LI-COR), agarose gel or other advanced systems like 
Advanced Analytical Technologies Inc. AATI 
analysers. Today, TILLING by sequencing is gaining 
popularity. For LI-COR system of mutation detection, 
primers need to be labeled with fluorescent dyes
51
.  
The amplified PCR product is denatured at 95ºC and 
re-annealed by gradual decrease in the temperature for 
the formation of heteroduplexes in wild type and mutant  




individuals. The heteroduplexes mixture is used as 
substrate for enzymatic mismatch cleavage for 
identification of single nucleotide polymorphisms 
(SNPs). During initial experiments of TILLING, 
mutation at single base pair difference was detected 
using denaturing high performance liquid 
chromatography (dHPLC)
28
. Later with the advent of 
single strand specific nucleases, members of S1 
family were used for mutation detection in 
heteroduplexes. Endonuclease CEL I, isolated from 
celery (Apium graveolens L.) is the most common 
enzyme used for TILLING analysis
22,48
. CEL I keep 
homoduplexes untouched and splits to the 3’side of 
mismatches in heteroduplexes
52
. Commercial purified 
CEL I is also available from transgenomic, surveyor 
nuclease mutation detection kit for mutation detection 
but is more expensive as compared to crude CEL I 
extracted from celery
53-54
. New England Biolabs 
(NEB) developed T7 endonuclease I based mutation 
detection kit, isolated from a recombinant source 
(EnGen® Mutation Detection Kit), for mutation 
detection in heteroduplexes
55
. Many researchers have 
identified other endonucleases such as Brassica 
petiole extract
56
; ENDO1 from A. thaliana
57
; SP 1 
nuclease, a CEL I ortholog from spinach (Spinacia 
oleracea L.)
58
; SlENDO1 enzyme, a CEL I homolog 
in tomato (Solanum lycopersicum L.)
59
 and identified 
similar or even better results compared to CEL I from 
celery. After the enzymatic digestion of the 
heteroduplexes, detection of the mutants is done by 
either of the methods- a) LI-COR System- where the 
digested products are separated on denaturing 
polyacrilamide gel attached to LI-COR 4300 DNA 
Analyzer System. The entire product is visible in  
both 700 and 800 channels while two cleaved 
fragments are observed as one in IRD700 and other in 
IRD800 channel. The sum of size of the cleaved 
fragments should be equal to the size of the full length 
product
30
. b) Agarose gel electrophoresis- a low cost 
mutation detection approach where the cleaved 
products are run over the agarose gel having ≤ 4 mm 
thickness and stained with ethidium bromide. The 
images can be analysed visually with gel doc system
37
. 
c) Microchip based capillary electrophoresis system 
(MultiNa) which represents the cleaved fragments in 
the form of virtual gel image without actual gel 
preparation and ethidium bromide use but similar to 
agarose gel electrophoresis. The cleaved fragments  
can be represented in the form of peaks in 
electropherogram. The instrument also shows exact 
size and concentration of the different fragments
60
. The 
basic procedure of TILLING is presented in Figure 1. 
 
 
Fig.1 — Basic TILLING procedure. 




Now-a-days, non enzymatic cleavage methods are 
used for mutation detection in the genome editing era 
which includes high resolution melting (HRM)
61-62
 
and TILLING by sequencing techniques or next 
generation sequencing (NGS)
63-64
. HRM is new-age 
technique based on shift in fluorescence of dsDNA 
binding dyes such as SYBR Green, EvaGreen etc. 
during denaturation in light scanner instrument. The 
analysis of the melting curves could be done using 
LightScanner software
65
. The HRM can also be 
reported as closed tube mutation detection system as 
there is no requirement of removal or addition of any 
components in the tube post normal PCR. Alterations 
in the melting curves indicate the presence of 
mutations in the samples used for screening. Relative 
difference in fluorescence of mutant against wild type 
clears possibility of change in sequence. The sample 
with relative fluorescence difference >0.05 compared 
to reference sample considered as different from wild 
type. The putative mutants need to be confirmed by 
sequencing. With the help of NGS, large number of 
fragments could be sequenced in a single reaction. 
TILLING by sequencing is the reliable and efficient 
approach in current days which simultaneously 
detects large populations for the presence of mutation 
following multidimensional pooling strategy. A big 
sequencing data is made available by this approach 
which requires the prior knowledge of bioinformatics 
tools for the analysis to identify the mutant in such a 
large population. Currently available high throughput 









Pros and Cons of TILLING Technology 
TILLING is a non transgenic, reverse genetics 
approach used to identify SNPs present in the 
mutagenized population. A variation of TILLING, 
called as EcoTILLING, detects natural variation 
among germplasms or cultivars by comparing with 
reference genome
51
.  With this method, allelic series 
of mutants are developed for the target gene. 
TILLING can also be used in wide range of 
organisms only the sequence of the genome should be 
available for selection of target gene. This can be 
considered as drawback of this method but most of 
the organisms including crop plants’ genome are 
sequenced and remaining may also be sequenced in 
near future because of wide application of next 
generation sequencing technologies. TILLING is the 
only choice of method in those organisms where 
efficient transformation method is not available. 
Chemical mutagens used for creating TILLING 
population produces number of mutations in the 
genome including non-sense, mis-sense which affects 
protein structure as well as phenotype
69
. But the 
creation of high quality mutant population including 
initial standardization of optimum dose of mutagen 
requires almost one to two years which is somewhat 
time consuming while vegetatively propagated plants 
requires more time for creation of mutant population 
compared to earlier one
70
. Requirement of high 
quality DNA with identical quantity is pre-requisite 
while pooling the samples. Otherwise, sample with 
low DNA concentration can reduces the identification 
of the mutation efficiency
50
.  
Pooling of the samples reduces time and resources 
for screening large mutant population. If mutation is 
observed in any pooled sample, only those identified 
samples needs to reanalyzed and sequenced for 
mutation confirmation. This reduces the cost of 
sequencing of all samples. Single copy gene should be 
selected as target for TILLING. Polyploid plants 
require extra efforts for primer designing due to 
presence of multiple copies of the target gene, some 
of which can be functional copies, and also need to 
reduce the number of samples while pooling.  
From the cost point of view, choice of 
endonuclease also plays an important role while 
performing TILLING experiment. Crude CEL I 
endonuclease isolated from celery showed similar 
digestion pattern compared to commercially available 
endonucleases. So, low budget laboratories can  
go with crude CEL I rather than the expensive 
commercial kits and thus successfully perform the 
TILLING experiments. False positive and false 
negative mutants may limit the use of TILLING 
technique. False positive errors could be overcome by 
replicating the samples. Also the addition of cleaved 
fragment should be equal to the full length fragment 
can reduce the problem of false positive. The 
expensive step in TILLING is the use of automated 
instruments including LI-COR analyzer for detection 
of mutation in endonuclease digested PCR product; 
this also requires fluorescent labeled primers. 
Unlabelled primers are used while detecting 
mutations using agarose gel electrophoresis and 
denaturing PAGE. The non-enzymatic cleavage 
detection methods including HRM and NGS played 
important role in reducing the time but are not 
affordable to many researchers from developing 
countries. To correlate the identified mutation with 




phenotype is also a challenging task which could be 
achieved by subsequent back crossing.  
TILLING has the main advantage of exemption 
from regulatory approvals for commercialization of the 
product developed through it. The TILLING population 
once developed, is available any time as a substrate for 
identification of mutation in any gene of interest. 
 
TILLING Platforms/Databases  
TILLING is widely used reverse genetics approach 
by many research laboratories throughout the world in 
a wide range of plants, developed TILLING 
platforms/databases for respective crops and made 
available for others interested in this technique  
(Table 1). These platforms indicate the successful 
studies of TILLING in the crop improvement projects 
worldwide. The researchers have developed the 
important mutants in targeted genes for interested trait 
by dint of TILLING. 
 
TILLING in the New Genome Editing Era (CRISPR/Cas, 
TALEN, ZFNs, MNs) 
Recently discovered precise genome editing 
technologies like CRISPR/Cas is gaining popularity 
because of the ease of use, scalability and low cost
81
. 
While other GE tools like ZFNs (zinc fingers 
nucleases), MNs (maganucleases), TALEN 
(transcription activator-like effector nucleases) also 
exists to edit any gene sequences, with varying level 
of technical expertise needed thus limiting their 
frequent use
82
. However, regulatory environment 
must be favourable for the recently discovered 
CRISPR/Cas9 and related genome editing 
technologies to do well and bring products to market. 
It is also obvious that, there will be varying degree of 
regulatory regimes across countries due to their own 
political, economic, social values and consumer 
sentiments, just like it existed in case of acceptability 
of GM crops
83
. In the current scenario, mutagenesis 
and TILLING, has a wider acceptability than 
CRISPR/Cas9 technology as is evident from the 
growing list of varieties released for cultivation, 
available at IAEA, FAO website. Consumers have 
accepted mutation induced crops. It is also possible 
that TILLING and CRISPR/Cas9 may therefore,  
co-exist, in creating variability and ultimately, crop 
breeders, taking advantage of these technologies can 
improve crops just alike. CRISPR/Cas9 like any 
reverse genetic tools can be efficiently used to study 
developmental effects in relation to gene sequence 
under investigation and this know how can translate 
in screening mutants from TILLING DNA libraries. 
TILLING by sequencing can also speed up mutation 
screening process. Now, with the advent of new 
generation of accurate next generation sequening 
 
Table 1 — The various TILLING platforms/databases available worldwide. 
Sr. No. TILLING platforms/databases Target crops 
1 RevGen UK71  
John Innes Centre, UK 
Lotus japonicus, Medicago truncatula, Brassica rapa, Brassica napus, 
Brassica oleracea, Capsella rubella, Avena strigosa, Oryza sativa 
2 URGV TILLING72-73 (UTILLdb, Gene that make 
tomatoes, Cucumis sativus TILLinG Platform) 
URGV Plant Genomics Research, France 
Pea, Tomato (Red Setter  & Money Maker), Flax, Brachypodium, 
Cucumber  
3 TILLMore38 
DiSTA, University of Bologna, Italy 
Barley 
4 TOMATOMA74 
University of Tsukuba, Japan 
Tomato (Micro-Tom) 
5 CAN-TILL75 
University of British Columbia, Canada 
Brassica napus, Brassica oleracea 
6 UC Davis TILLING76 
University of California, USA 
Rice, Wheat, A. thaliana, Tomato 
7 GABI-TILL77 
Bielefeld University, Germany 
A. thaliana, Barley, Rapeseed, Rye, Sugar beet 
8 sunTILL78 
University of Bari, Italy 
Sunflower 
9 COTIP79 
University of Agriculture, Pakistan 
Cotton 
10 HorTILLUS47 
University of Silesia, Poland 
Barley 
11 LycoTILL DB80 
Metapontum Agrobios, Italy 
Tomato (Red Setter) 
 




(NGS) technologies, improved softwares and artificial 
intelligence (AI), false mutation discovery rates can 
reduce drastically hastening its use. The new 
generation of genome editing technologies 
particularly, CRISPR/Cas, is much more precise and 
predictable, and may find acceptability in certain 
geographies more than others. There is an urgent need 
to secure food security for all by 2050 and 
conventional breeding techniques may not suffice by 
itself
84
. Mutation breeding and TILLING will 
continue to remain relevant in the era of modern 
genome editing (CRISPR/Cas).  
 
Future Perspectives 
TILLING, a non-transgenic, reverse genetic tool, is 
already being used in crop improvement, as an 
extension of spontaneous or induced mutagenesis, 
with the identification of required nucleotide changes 
in gene associated traits. TILLING is an efficient, 
cost-effective tool and could be applied to any 
agricultural crops. The critical steps needs to be 
adhered while incorporating TILLING includes, the 
gene information, genotype, nature of explants to be 
used, mutagen and its concentration, population size 
and technique of mutation discovery. Now-a-days, a 
number of TILLING databases is available for model 
and crop
85-86
. The range of alleles developed  
through TILLING can be a useful resource for crop 
improvement. The mutant population developed by 
TILLING is a permanent resource and can be utilized 
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